FEM Analysis of the Isothermal Forging of a Connecting Rod from Material Previously Deformed by ECAE  by Luri, R. et al.
 Procedia Engineering  63 ( 2013 )  540 – 546 
Available online at www.sciencedirect.com
1877-7058 © 2013 The Authors. Published by Elsevier Ltd. Open access under CC BY-NC-ND license.
Selection and peer-review under responsibility of Universidad de Zaragoza, Dpto Ing Diseño y Fabricacion
doi: 10.1016/j.proeng.2013.08.209 
ScienceDirect
The Manufacturing Engineering Society International Conference, MESIC 2013 
FEM analysis of the isothermal forging of a connecting rod from 
material previously deformed by ECAE 
R. Luria,*, C.J. Luisa, D. Salcedoa, J. Leóna, J.P. Fuertesa, I. Puertasa 
aMechanical, Energetics and Materials Engineering Department, Public University of Navarre, Campus Arrosadia s/n,, Pamplona 31006, 
Navarra, Spain 
Abstract 
This present work deals with the design of a set of dies employed to manufacture a connecting rod by forging a billet of 
nanostructured aluminum alloy. Nanostructured parts exhibit excellent mechanical properties compared to the non-
nanostructured alloys. Moreover, the forgeability of nanostructured materials is higher and hence, fewer strokes are necessary. 
In this paper, two set of dies are designed to perform a two stroke forging process and to obtain the desired nanostructured part. 
The first step to manufacture nanostructured parts is to employ a Severe Plastic Deformation Process (SPD) to produce the 
nanostructured material. So, the SPD material is forged, generally by isothermal forging to produce the part. The flow behavior 
of a 5083 Aluminum Alloy (5083-AA) after the SPD process has been determined by experimental tests. Finite Element (FE) 
and Finite Volume (FV) simulations have been run by using nanostructured 5083-AA flow rule, in order to design the dies. 
© 2013 The Authors. Published by Elsevier Ltd. 
Selection and peer-review under responsibility of Universidad de Zaragoza, Dpto Ing Diseño y Fabricacion. 
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1. Introduction 
A lot of effort has been made by researchers in the study of Severe Plastic Deformation Processes (SPD) in 
order to attain nanostructured materials. In Kin et al. (2010), it is shown that these materials exhibit excellent 
mechanical properties compared to the non-nanostructured alloys. 
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Equal Channel Angular Extrusion or Pressing (ECAE/ECAP) is a SPD process that can be employed to 
manufacture nanostructured materials, as is shown in Segal et al. (1981). The material in the ECAE or ECAP 
processes is extruded trough two channels that intersect at an angle and with almost the same cross-section. The 
material is plastically deformed mainly by shear. As the channels have almost the same cross-section, the 
dimensions of the processed billet are not modified, although the material has been highly deformed. The processed 
billet can be processed several times in order to impart higher plastic strain to the material, as is shown in Luri et al. 
(2011). In Fig. 1 an ECAE die can be observed. 
 
 
Fig. 1. ECAE/ECAP die. 
ECAE is an excellent SPD process due to the high levels of plastic strains imparted to the processed material 
and the possibility of manufacturing materials with a great degree of homogeneity by using processing routes. By 
this process, larger parts of nanostructured SPD material can be manufactured compared to other SPD processes as 
is shown in Azushima et al. (2008). 
Miyahara et al. (2006) used this process to obtain SPD material with excellent mechanical properties, such as 
high yield stress, high ultimate stress and reasonable ductility. Even superplasticity is attained under some 
conditions. The parts manufactured with SPD material have excellent mechanical properties. Nevertheless, there 
are only a few papers, such as Kim et al. (2008) and Salcedo et al. (2012), which deal with the forging of parts by 
using SPD material to manufacture mechanical parts. 
The first step to manufacture nanostructured parts is to employ a SPD Process, such as the Equal Channel 
Angular Extrusion or Pressing (ECAE or ECAP), to produce the nanostructured material. Then, the SPD material is 
forged, generally by isothermal forging to produce the part. The SPD material has good forgeability compared with 
the same alloy that has not been processed by SPD, as is shown in Miyahara et al. (2006). 
In this study, the isothermal forging of a connecting rod by using material that has been previously processed by 
ECAE (SPD material) has been carried out. The studied alloy was a 5083 aluminum alloy (5083-AA) processed by 
ECAE two times. 
Different simulations were run to determine the die geometry to manufacture the connecting rod. Simufact 
Forming 11.0TM has been used in this study in order to run the simulations to develop the die design. 
Some billets of 5083-AA has been processed by ECAE up to two passages, in order to manufacture SPD 
material. The SPD material was tested by compression tests at different temperatures in order to determine the SPD 
material flow behavior. This material flow rule was used in the simulations to accurately determine the die design. 
2. Design methodology 
In order to perform a first approach to the die design, it was considered that two steps were needed to 
manufacture the connecting rod, where the forging stages are shown in Fig. 2. A 1st stroke to obtain the block 
shown in Fig. 2 (b) and a 2nd stroke to obtain the final part shown in Fig. 2 (c) were the selected steps to 
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manufacture the connecting rod. Two different set of dies have to be designed. A set of dies to deform the part from 
a preform (Fig. 2 (a)) to the part shown in Fig. 2 (b) (blocker) and another set of dies to forge the blocker part (Fig. 
2 (b)) to the finished part shown in Fig. 2(c). Hence, two set of dies have to be designed to forge the part. 
 
a 
 
b 
 
c 
 
Fig. 2.(a) Initial billet; (b) Blocker part forged (1st stroke) and (c) Finished part forged (2nd stroke). 
For the first forging stage (blocker), the die and preform have to be designed to obtain the desired forged part. 
First of all, the die was designed with the parting line placed in the middle of the cross-section as can be observed 
in Fig. 3 (black line). 
The desired part to be manufactured was the connecting rod of Fig. 2 (c). The connecting rod is supposed to be 
machined after the forging process. Also, forging can be performed at a temperature higher than room temperature 
and hence, thermal dilatation has to be considered. 
 
Fig. 3. Initial desired cross section and the modifications due to machining, dilatation and draft considerations. 
Due to both of these considerations (machining and thermal dilatation), the dimensions of the cross-section die 
cavity were increased 0.5 mm, as can be observed in the cross-section shown in Fig. 3 (machining and dilatation 
consideration red line). Moreover, a draft angle of 10º was used in order to be able to extract the forged part (green 
line). Also fillet radii were introduced. As can be observed in Fig. 3, from the desired cross-section some 
modifications have to be taken into account to successfully manufacture the part. 
The geometry of the cross-section and of the preform to be employed has to be designed. A design methodology 
to develop a first approach is to considerer different cross-sections of the part to be studied under plane strain or 
axisymmetric considerations, as is shown in Altan et al. (2012). Cross-sections where the metal flow is supposed to 
be nearly under plane strain can be simulated by using two dimension (2D) models and hence, computational cost 
is reduced. 
As can be observed in Fig. 4 (a), there are a lot of geometric parameters of the die and billet to be determined. 2 
D simulations have the advantage that can be simulated fast and hence, the parameters of the cross-section are 
determined more efficiently. In this research work, sections shown in Fig. 4 (b) (S1, S2 and S3) were studied by 
using 2D FEM simulations. 
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Fig. 4.(a) Cross-section die and billet parameters and (b) Cross-sections of the first stroke die simulated by FEM 2D. 
The previously-mentioned parameters were varied in order to obtain a complete filling of the die cavity and to 
perform the process with a reasonable force with cross-sections S1, S2 and S3. Figure 5 shows a FE simulation of 
section S3, where the material fills the cavity and the forces were not very high. 
 
a 
 
b 
 
Fig.5. (a) Cross-section S3 and (b) 2D FE simulation of section S3. 
Once the geometries of cross-sections S1, S2 and S3 have been simulated and the geometry of those sections 
defined, three dimensional (3D) analyses can be made. Almost all the geometry of the die has been determined by 
using 2D simulations. Some simulations in 3D were run to determine the geometry on transition zones between S1 
to S2 and from S2 to S3 to obtain a correct filling of the die cavity. In order to run 3D simulation, FV were used 
and the length of the billet adjusted to attain a correct filling of the die cavity. 
In Fig. 6 (a) the final die design to forge the connecting rod can be observed, where the lower die and billet for 
the first stage are shown. Once the simulation of the first stroke has been run, the mesh on the last increment was 
used as an initial body to perform the second stroke in order to achieve the final shape as can be observed in Fig. 6 
(b). Plastic strain, stress and damage, achieved by the processed part at the final increment of 1st stroke, were 
introduced as initial condition for the 2nd stroke, in order to consider the actual material behavior. 
 
a 
 
b 
 
Figure 6. (a) 1st Stroke Lower die and billet and (b) Lower die used in the 2nd stroke and part recovered from the final increment of 1st stroke. 
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3. FV and FE model simulations 
3D FV simulations of 1st and 2nd strokes and 2D FE simulations of section S1, S2 and S3 have been run by using 
Simufact Forming 11.0TM. 
For all the simulations, a flow-stress law was obtained by isothermal compression tests of 5083 aluminum alloy 
that had been previously processed by ECAE using route C, as is shown in Luis Pérez et al. (2012). A Shear 
friction model and a friction coefficient of 0.1 have been used in all the simulations. The process definition selected 
was forming with flash and the press was hydraulic. The press forging velocity was considered to be 2 mm/s in 
both 2D FE and 3D FV simulations. 
Heat generation, heat transfer to environment and conduction to the dies were considered in all the simulations. 
An initial temperature of 20 ºC was considered as well as a heat transfer coefficient to environment (HTC) from the 
dies to the ambient and from the part to the ambient of 50 W/(m2K), a heat transfer coefficient to workpiece of 
20000 W/(m2K) and a heat generation by deformation fraction of 0.9. 
For the 2D FE simulations, a rigid-deformable contact has been used. A mesh and re-mesh of plane strain 
elements with Herman formulation was chosen. When the elements are distorted or a penetration in the die occurs 
or an angle deviation on the elements higher than 40º appears during the conformation, an advancing front quad 
remeshing algorithm has been used. Element edge length for mesh and remeshing was of 0.2 mm although a 
curvature divisor of 76 divisions was used, since in this way elements were reduced in the fillet radii to simulate the 
process more accurately. 
The dies and parts shown in Fig. 6 were simulated. The 3D FV simulations were simulated using a Slsurface-
Mesher to mesh the part boundary with 1 mm edge mesh for the part with a minimum edge size of 0.2 mm and a 
coursing factor of 1.5 with a volume mesh of 1 mm. 
Two strokes were simulated, one with the dies shown in Fig. 6 (a) and another with the ones shown in Fig. 6 (b). 
When the first stroke is simulated, the mesh of the final stroke has to be saved, including stress, strain, damage, etc. 
and it has to be used as the part to be forged in the second stroke with the dies shown in Fig. 6 (b). 
4. Results 
Fig. 7 shows the plastic strain achieved in the material due to the forging before 1st and of 2nd strokes. As can be 
observed, the flow of the material fills the die cavities designed for the 1st and the 2nd strokes and hence, a forged 
part close to the initial part specifications is attained. The differences are those introduced in the design process 
(draft angles, thermal dilatation, dimension increases for subsequent machining to obtain a low surface roughness). 
No lap formation was observed either in the 1st or in the 2nd stroke. 
As is shown in Fig. 7, the flash of the forged part is small so the material to trim and the wasted material have 
been minimized. This is of a great deal of importance since the cost of the nanostructured material processed by 
ECAE and wastes have to be minimized. 
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Fig. 7. (a) Plastic Strain of the processed billet before 1st stroke and (b) Plastic Strain of the processed billet before the 2nd stroke. 
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Moreover, the required forces to carry out the process are shown in Fig. 8, where both the 1st and the 2nd load-
strokes are presented. It can be stated that the main change of shape on the processed part is developed in the 1st 
stroke. Hence, the highest force in the process appears in the 1st stroke, while lower forces are required in the 2nd 
stroke. 
a 
 
b 
 
Fig. 8. Processing force (a) 1st stroke and (b) 2nd stroke. 
As can be observed in Fig. 8 (a), the highest value of the processing force is around 1600 kN (160 t) which is a 
value that a conventional hydraulic press can easily provide and hence conventional equipment can be used. 
Moreover, the simulation was developed at room temperature and the process can be developed at higher 
temperatures that will reduce the material flow stress. This reduction will produce a reduction on the required 
forces. 
As the forging dies and the billet that have been designed can be used to manufacture the connecting rod, the 
ECAE die to manufacture the initial nanostructured billet shown in Fig. 2 (a) is also determined. It can be stated 
that an ECAE die with circular cross-section channels with a diameter of at least 22 mm can be used to process the 
5083-AA and an intersection angle of 90º has to be used. Also, a material length of at least 80 mm has to be 
processed by ECAE to obtain the initial billet of nanostructured material to be forged. This die is shown in Fig. 1. 
5. Conclusions 
In this research work, a design of the required dies to manufacture a nanostructured connecting rod has been 
carried out. Moreover, the dimensions of the ECAE die required to manufacture the initial billet to be forged have 
been determined. 
The required forces to develop the process have been studied and the flow of the material has been studied to 
avoid laps and defects during the part manufacturing. 
A design methodology of studying cross-sections in 2D to determine all the cross-section geometric parameters 
has been used along with running 3D simulations to determine the other geometric parameters. In this way, design 
time has been reduced. 
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